While climate models have evolved over time to produce high delity and high resolution climate forecasts, visualization and analysis of the output of the model simulations has been limited, typically constrained to single dimensional charts for visualization and basic aggregate statistics for analytics. Same is true for the large troves of observational data available from meteorological stations all over the world. For richer understanding of climate and the impact of climate change, one needs computational tools that allow researchers, policymakers, and general public, to interact with the climate data. In this paper, we describe, webGlobe, a browser based GIS framework for interacting with climate data, and other datasets available in similar format. webGlobe is a unique resource that allows unprecedented access to climate data through a browser. e framework also allows for deploying machine learning based analytical applications on the climate data without pu ing computational burden on the client. Instead, webGlobe uses a client-server framework, where the server, deployed on a cloud infrastructure, allows for dynamic allocation of resources for running computeintensive applications. e capabilities of the framework will be discussed in context of a use case: identifying extreme events from real and simulated climate data using a Gaussian process based change detection algorithm.
INTRODUCTION
Climate scientists and meteorologists agree that the climate has been changing and the rate of climate change, in particular, global warming, has been alarmingly rapid in the past few decades (see Figure 1 ), which has led to increased extreme events [12] . Such events impact the lives of the human population in many ways [16] .
e reasons for climate change are hotly debated, though there is overwhelming support to the claim that humans are primary contributors to climate change [13] . Regardless of the reason, it is universally accepted, that the rising temperatures will indeed impact our lives in many ways and it is vital to understand these impacts and near and distant future. One way to understand the impact of current and future climate change is from data. e data could be current and historical measurements of various climate parameters or outputs of climate model simulations for near and distant future. e goal of this paper is to introduce an integrated analysis and visualization framework, called webGlobe, that enables a broad community of stakeholders, including researchers, policy makers, educators, and general public, to be er understand climate change and its global and regional impact, from data. Current solutions are either limited to a small set of prede ned visuals, such as the one shown in Figure 1 , or require considerable technical expertise to operate the available tools. e reason for these limitations is that the underlying climate data, both historical and future forecasts obtained by running climate model simulations, are di cult to access, massive to handle, and are available in formats that are di cult to handle within the more accessible GIS environments, such as Google Earth and antum GIS. In the absence of such integrated solutions, users typically string together series of tools to perform di erent aspects of the pipeline. Such solutions are ine cient and o en exclude the users who do not possess necessary technical expertise and/or infrastructure to execute the di erent tools within the pipeline.
1.1 Use Case: Identifying interesting changes in local climate.
In this use case, the user is interested in identifying when the climate for a given location on earth exhibits a signi cant change from the past. is question is typically formulated for a particular climate parameter, e.g., surface air temperature. For instance, the output of climate model simulations produce graphics such as Figure 1 , which indicate that the global temperatures are rising. But for a policymaker or an urban planner, the more interesting question is -when will the climate for a given location change signi cantly? Statistical and machine learning driven methods have been proposed to answer such questions [8, 9] .
CHALLENGES AND LIMITATIONS OF STATE OF ART SOLUTIONS
In order to develop solutions to address questions posed by the above use case, and other similar ones, three broad challenges need to be addressed:
(1) Availability of data. is challenge has been alleviated in recent times with many public enterprises making climate data (remote sensing measurements and simulation outputs) publicly available through e orts such as Earth System Grid Federation [10] , NASA Earth Data [3] , and NOAA Climate Data Online [2] . However, most of these data repositories operate under di erent access protocols, which are challenging to navigate. (2) Handling scale of data and analysis. Global outputs of climate simulation runs are typically contained in large les stored in the Network Common Document Format or NetCDF [14] . For example, daily output for a single climate parameter (e.g., temperature) at a 1 3 SYSTEM ARCHITECTURE e architecture of the proposed webGlobe system is outlined in Figure 2 . e system follows a traditional client-server architecture, where a cloud-based server (webGlobe server) is responsible for the analytics and data serving needs.
e current deployment of webGlobe 1 is hosted in a federated cloud environment, called Aristotle 2 . e Aristotle federation is a National Science Foundation funded system consisting of data infrastructure building blocks, new allocations and accounting models, and a cloud metrics tool to support scientists with exible work ows and analysis tools for large-scale data sets. e users access the system through a browser based interface. In the current deployment, we use the GLOBUS identity management system [7] to manage the user authentication.
e user can upload new climate data sets or access pre-loaded data sets. ree types of interactions are supported. First, is the visualization of the data sets as animated spatiotemporal data cubes or as plots (See Figure 3) , second is the analysis of the data using a set of analytical tools, and third is by loading the data set into a Jupyter Notebook 3 environment in which the user can analyze the data using various Python libraries. e output of analyses are also stored within the system and are globally available. A usage tracking system is implemented to ensure that the cloud resources are being optimally utilized.
WebGlobe Server
e webGlobe server has three roles. e rst role is that of a staging area for the climate and weather data that is pulled from various data repositories across the world. When a user points to a desired data set (or a list of data sets), the server pulls the data into the cloud storage. is is done to allow e cient visualization and analysis of the data, without relying on the movement of large amounts of data directly between the client and the remote repositories over the Internet. Moreover, as described below, the data is converted from the native NetCDF into a format which can be stored in a distributed storage and thus allows for distributed analytics. e second role is to support big data analytics on the data set using distributed analysis methods. e third role is to allow users to interact with data within a python environment (Jupyter notebooks).
Data Storage. e widely used NetCDF format allows for storing scienti c data sets in a single self-describing, machine independent, le format which is optimized for array oriented data. However, the binary format is not directly ingestible into most analytical and visualization frameworks. Tools provided by the Hierarchical Data Format (HDF) community, such as the NASA HDF products 4 allow loading such data sets directly into analysis environments such as Apache Spark [20] . However, they do not support distributed analysis which is essential when the size of the data is large. Recently, tools such as SciSpark [19] have been developed to provide a bridge between NetCDF formats and Spark. We have developed a light-weight version of SciSpark in which the NetCDF data (or a list of data sets 5 ) is loaded and converted to a Resilient Distributed Data (RDD) object, which refers to an immutable distributed collection of object. e data is stored as a collection of <key, value> pairs, where each key encodes the spatial a ributes (latitude and longtitude) of a given location, and the corresponding value consists of a time-series of measurements for the climate parameter.
is distributed strategy is optimal for the type of analyses that are supported in the framework. One can add spatial indices to the keys to support e cient spatial queries. A typical <key, value> pair appears as: <-17.70,89.04>, <23.04,23.98,20.14,19.24, . . . >. e RDD objects are stored in a Hadoop Distributed File System (HDFS). e meta data associated with the data set is extracted and stored into an auxiliary MySQL database.
Analytics. We have implemented several machine learning based and statistical methods in the webGlobe server which can be applied to the datasets stored in the HDFS as RDD objects. All methods are implemented in the Spark environment and leverage the inherent parallelism in the methods. For instance, the change detection algorithm [9] , operates on each spatial location independently. e readers are referred to the original paper for more details. Figure 4 shows the excellent speedup achieved by using the webGlobe system to run the change detection code on NOAA climate data for 32 years (1979-2011). Notebook Server. While the current analysis algorithms implemented in webGlobe are relevant to a broad segment of the user community, the technically savvy users o en have their own analytical routines that they would like to apply to the data sets. To support this functionality, we allow users to fork Jupyter notebooks which provide a browser based analysis environment using Python.
e notebook is dynamically created and already contains the implementations to load the selected data set as an RDD. A er that, the user has exibility to transform the data into any other data structure and analyze it. Since the notebook is deployed on the cloud, the computational burden on user's resources is minimal.
Dynamic Resource Allocation. One of the key strengths of cloud computing is its elasticity. e webGlobe framework exploits this to the fullest extent. When an analysis job is submi ed, the system dynamically creates a Spark cluster with desired number of nodes on the cloud. e cluster is pre-con gured to read data from the HDFS as a distributed RDD. A er processing the data, the spark cluster is terminated and the resources are returned to the cloud system.
WEBGLOBE CLIENT
e browser-based client interface (See Figure 3) is built using the WebWorldWind library [1] , which is a 3D virtual globe API for HTML5 and JavaScript. e interface is accessible across all major browsers and on all devices including desktops, tablets, and mobile phone screens. e features include: uploading climate data sets from remote locations, visualizing data as spatiotemporal animations and univariate plots, submi ing analysis codes (including those corresponding to the one use case discussed earlier), and forking o Jupyter notebooks for further analysis.
A key advantage of building on top of the WebWorldWind library is that it allows integration of several other applications that have been built using the same library into webGlobe. For instance, the current webGlobe system also allows for ingesting other geospatial data sets available through traditional protocols such as the Web Map Service (WMS). 
RESULTS AND EVALUATION
We performed Gaussian process based change detection algorithm on NOAA climate [2] and NCEP/NCAR Reanalysis [5] datasets and compared with location-wise monthly events occurred over the years (1996-201) which are available from NOAA Storm Events Database [6] . ese events comprises of extreme hot events (such as droughts, excessive heat etc.) and extreme cold events (such as winter storm, blizzard etc). Figure 6 shows the overall evaluation of the algorithm on both datasets using accuracy as a performance metric. Figure 7 shows the indication of alarm raised by the change detection algorithm while detecting anomalies in temperature change using NOAA climate data [2] which demonstrates the extreme hot and cold weather events for a geographical location over the years.
e extreme heat events comprises of droughts, excessive heat etc., while extreme cold events comprises of winter storm, blizzard etc.
CONCLUSIONS
e objective of this paper is to introduce webGlobe, a unique resource available to the community interested in understanding the impacts of climate change through spatiotemporal data. e framework is designed to address the various challenges that the stakeholders face in handling such data, including cross-platform support through a web browser based interface, a cloud computing based server support to handle compute and data infrastructure requirements, and a exible and scalable ecosystem to allow integration of di erent analytical methods.
